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The mechanisms underlying the adherence of Escherichia coli O157:H7 and other enterohemorrhagic E. coli
(EHEC) strains to intestinal epithelial cells are poorly understood. We have identified a chromosomal region
(designated IpfABCC'DE) in EHEC O157:H7 containing six putative open reading frames that was found to be
closely related to the long polar (LP) fimbria operon (Ipf) of Salmonella enterica serovar Typhimurium, both in
gene order and in conservation of the deduced amino acid sequences. We show that IpfABCC' DE is organized
as an operon and that its expression is induced during the exponential growth phase. The /pf genes from EHEC
strain EDL933 were introduced into a nonfimbriated (Fim™) E. coli K-12 strain, and the transformed strain
produced fimbriae as visualized by electron microscopy and adhered to tissue culture cells. Anti-LpfA anti-
serum recognized a ca. 16-kDa LpfA protein when expressed under regulation of the T7 promoter system. The
antiserum also cross-reacted with the LP fimbriae in immunogold electron microscopy and Western blot
experiments. Isogenic E. coli O157:H7 Ipf mutants derived from strains 86-24 and AGT300 showed slight
reductions in adherence to tissue culture cells and formed fewer microcolonies compared with their wild-type
parent strains. The adherence and microcolony formation phenotypes were restored when the lpf operon was
introduced on a plasmid. We propose that LP fimbriae participate in the interaction of E. coli O157:H7 with

eukaryotic cells by assisting in microcolony formation.

Enterohemorrhagic Escherichia coli (EHEC) O157:H7 is
recognized as a significant enteric pathogen that has been
implicated in numerous outbreaks worldwide (reviewed in ref-
erence 24). This organism colonizes the intestine and can cause
bloody or nonbloody diarrhea and hemolytic uremic syndrome.
A potent cytotoxin, Shiga toxin (Stx), is the best-characterized
virulence factor, but many aspects of the pathogenesis of the
disease associated with E. coli O157:H7 are poorly character-
ized. In particular, the mechanisms underlying the adherence
of EHEC to intestinal epithelial cells are not well understood
(24, 27). Colonization of the gastrointestinal tract, which is
presumably mediated by specific adherence factors, is a key
aspect of enteric infection caused by EHEC. Several potential
virulence determinants of EHEC have been described, but the
only adherence factor that has been demonstrated to play a
role in intestinal colonization in vivo in an animal model is the
outer membrane protein intimin (8, 22, 43). Most EHEC and
all enteropathogenic E. coli (EPEC) strains produce this ad-
hesin (17). Intimin, encoded by the eae gene, is located within
the locus for enterocyte effacement (LEE) pathogenicity is-
land, which is required for the classic attaching and effacing
intestinal lesion produced by these organisms (14, 15, 21).

The presence of a second adherence factor has been de-
scribed in EPEC but not in EHEC strains. The type IV bundle-
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forming pilus (BFP) encoded by the plasmid of EPEC strains
is involved in bacterium-to-bacterium adherence in the local-
ized adherence pattern (4, 12) and potentially in direct inter-
action with the host epithelial cells (41, 42). Neither BFP nor
analogous adhesins have been described in EHEC, but the exis-
tence of intestinal adherence factors distinct from intimin is sug-
gested by the isolation of human EHEC strains of serotypes other
than O157:H7 that lack the eae gene but are still associated
with bloody diarrhea or hemolytic uremic syndrome (10).
Several research groups have explored this hypothesis and
proposed potential novel adhesin factors. Tarr et al. (37) iden-
tified Tha (Vibrio cholerae IrgA-homologue adhesin) in E. coli
O157:H7. This protein was associated with adherence to HeLa
cells while expressed in a nonfimbriated E. coli strain, but no
difference in adherence was observed with an iha mutant of
O157:H7. Nicholls et al. (25) characterized a chromosomal
genetic locus termed efal (EHEC factor for adherence) in an
EHEC strain serotype O111:H™ and observed that this locus is
associated with high levels of adherence to cultured Chinese
hamster ovary (CHO) cells. They demonstrated that the efal
locus was necessary for the in vitro adhesion to CHO cells and
that the efal isogenic mutant strain lost its ability to adhere and
also was defective in its hemagglutination and autoaggregation
phenotypes. Tatsuno et al. (39) performed a transposon mu-
tagenesis in the EHEC O157:H7 strain (O157Sakai), and the
insertion mutants were screened for their ability to adhere to
Caco-2 cells. Almost half of the insertion mutants were found
within the LEE pathogenicity island, while the other half were
mapped to open reading frames (ORFs) with unknown func-
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristics

Reference or source

E. coli
EDL933 Prototype EHEC O157:H7 30
86-24 EHEC O157:H7 strain 86-24; Sm" Nal" 38
CVD468 86-24; IpfA::cat Sm" Cm" This study
AGT300 Derivative of wild-type EHEC O157:H7 strain 87-23 (stx mutant); Sm" This study
AGT301 AGT300; IpfA::cat Sm" Cm" This study
BL21(DE3) hsdS gal (\cIts857ind1Sam7 ninS lacUVS-T7 gene 1) 35
ORNI172 E. coli Afim Km" 46
SM10 (N Pir) thi thr leuB tonA lacY supE recA::RP4-2-Tc::Mu-Km Km" 33

Plasmids
pJORS pACYC184 with 5,929-bp fragment containing [pfABCC'DE; Cm" This study
pSK™* pBluescript cloning vector; Ap" Stratagene
plpfA pBluescript SK(+) with Kpnl/BamHI; IpfA Ap* This study
plpfA::cat cat cassette in Smal of IpfA This study
pBR322 Cloning vector; Ap" Cm" Tc" New England BioLabs
pLPF100 pBR322 with 5,929-bp BamH]I; IpfABCC'DE Ap* This study
pACYC184 Cloning vector; source of Cm" cassette; Cm" Tc" New England BioLabs
pRS551 Protein fusion vector; Ap" Km" 34
pPLPFA pRS551 with EcoRI/BamHI;1,164-bp Ipf promoter region This study
pT7-5 T7 expression system vector; Ap" 36
pLPFAO01 pT7-5 with EcoRl/BamHI;537-bp IpfA ORF This study
pCVD442 Suicide vector; Ap" Suc® 7
pLPF::cat IpfA::cat in pCVD442 This study

tions or with functions not directly associated with adherence.
Their results suggested that EHEC might contain additional
adherence-associated loci which are not contained within the
LEE pathogenicity island. Recently, Brunder et al. (6) charac-
terized a gene cluster in the large plasmid of a sorbitol-fer-
menting EHEC O157:H" strain which is required for the ex-
pression of fimbriae with homology to the P fimbriae of
uropathogenic E. coli. The Sfp (for sorbitol-fermenting EHEC
0157 fimbriae, plasmid encoded) fimbriae mediate mannose-
resistant hemagglutination, but this sfp gene cluster is re-
stricted to sorbitol-fermenting EHEC O157:H™ strains and is
absent in other EHEC serotypes, including O157:H7.

In this work, we characterized a chromosomal fimbrial
operon of E. coli O157:H7. Sequence analysis indicated that
this operon showed high similarity to the long polar (LP)
fimbria (Ipf) operon of Salmonella enterica serovar Typhi-
murium and to a lesser degree to other well-characterized
fimbrial operons. Introduction of the EHEC /pf operon into a
nonfimbriated E. coli K-12 strain resulted in the expression of
fimbriae and increased adhesion to tissue culture cells. We also
provide evidence suggesting that LP fimbriae participate in the
adherence of E. coli O157:H7 to eukaryotic cells and play a
role in microcolony formation.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and growth conditions. The bacterial
strains and plasmids used in this study are listed in Table 1. The strains were
routinely grown in Luria-Bertani (LB) broth or on Luria agar at 37°C (20).
Additional media used to grow bacteria were CFA agar (11) and MacConkey
agar (Difco). When required, antibiotics were added to the media at the follow-
ing concentrations: kanamacyn (Km) 50 pg/ml, ampicillin (Ap), 100 pg/ml;
chloramphenicol (Cm), 30 pg/ml; and streptomycin (Sm), 100 pg/ml.

Recombinant DNA techni Plasmid DNA was isolated by the method of
Kado and Liu (16). Alternatively, a Qiagen QIAprep plasmid preparation kit was
used to isolate plasmid DNA from 3 ml of overnight bacterial culture. Reagents
were used according to the manufacturers’ protocols. Plasmids were introduced
into clinical isolates of E. coli by electroporation as described by Dower et al. (9).

Restriction endonuclease analyses, ligation and transformation of plasmid DNA,
and isolation of chromosomal DNA from bacteria were performed following
standard methods (20, 31).

Cloning of the Ipf operon. Total genomic DNA from strain EDL933 was
isolated and used as a template for PCR amplification with Platinum Pfx DNA
polymerase (Gibco BRL, Life Technologies) with the primer pair SLPF (5'-CG
GGATCCGTATTGCGTGAGGCGCATATTTAGCCAGAAA-3") and 3LPF
(5'-CGGGATCCGTGCAAGTCCGGAATAGACCATTTTAACGGA-3'). The
PCR product was purified and digested with BamHI, and the 5,929-bp product
was isolated from an agarose gel and ligated into the BamHI site of the plasmid
PACYC184 to create pJORS. The ligated products were transformed into E. coli
strain ORN172, and recombinant clones containing the [pf operon were selected
by PCR and plasmid screening and confirmed by DNA sequencing. The nucle-
otide sequence of the recombinant /pf operon showed 100% identity to the
chromosomal Ipf operon of strain EDL933. The Ipf operon was also cloned into
the BamHI site of pBR322 to obtain pLPF100. ORN172 containing either
pJORS or pLPF100 was selected for further analysis. Electron microscopic anal-
ysis confirmed that pJORS and pLPF100 encode the EHEC LP fimbriae (see
Results).

RNA extraction and RT-PCR technique. EHEC strain EDL933 was grown to
exponential phase (optical density at 600 nm [ODyg], 0.5), and whole-cell RNA
was isolated using the Trizol reagent (Gibco-BRL) according to the manufac-
turer’s instructions. The RNA was treated with DNase to eliminate contaminat-
ing DNA, and cDNA was synthesized using the random primers provided in the
Superscript First-Strand Synthesis System for RT-PCR (Invitrogen) according to
the manufacturer’s instructions. The primers used for the reverse transcriptase
(RT)-PCR analysis were A (5'-CGATTTCAACCTGTCTTACGAG-3'), B (5'-
GCTATGCAGCAATCGTTTGAAC-3"), C (5'-GGGAATTCAATTTTTTAA
ATGGAGTTTTTC-3"), and D (5'-CGGTGGCTTCCTGGAAGGT-3"). PCRs
on the RT product and no RT control were performed with Tag DNA polymer-
ase using standard procedures.

Construction of Ipf4 isogenic mutants. EHEC strains defective in expression
of LP fimbriae were constructed in the chromosome of strains 86-24 and
AGT300 (Table 1) by marker exchange as follows. The fimbrial subunit gene Ipf4
was amplified by PCR with the primer pairs SKLPF (5'-CGGGTACCATGCC
TGCTTT-3') plus 3SMLPF (5'-GGCCCGGGCAAAACCTTTCGAAATCAA
A-3") and 3BILPF (5'-CCGGATCCGTGTTATCACCATTGGT-3") plus
SSMLPF (5'-GGCCCGGGATTTGTCACCAACCGC-3") and cloned as a Kpnl/
Smal 5' fragment and an Smal/BamHI 3’ fragment, respectively, in pBluescript
SK(+) (Stratagene). The cloned IpfA4 gene was digested with Smal, and the cat
cassette (obtained by PCR from pACYC184) was introduced. The disrupted
gene was amplified by PCR using Pwo polymerase (Boehringer Mannheim) and
cloned into the suicide vector pCVD442 (7). The resulting plasmid, pLPF::cat,
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FIG. 1. Schematic representation of the organization of the lpf operon in the chromosome of E. coli O157:H7 strain EDL933. [pfABCC'DE
genes are shown as arrows with different patterns (see Fig. 3), and the genes with homology to E. coli K-12 genes are represented by solid arrows.
The region shown corresponds to the minute 78 region in the E. coli K-12 chromosome.

was introduced into 86-24 and AGT300 by conjugation using the donor strain
SM10 (X Pir). Colonies resistant to chloramphenicol and sucrose were tested for
ampicillin sensitivity. The presence of the cat cassette within the chromosomal
IpfA gene of CVD468 and AGT301 was confirmed by PCR with the primers
listed above.

Bacterial adhesion to epithelial cells. The ability of E. coli Ipf* [supi]+ and Ipf
mutant strains to adhere to HeLa and Madin-Darby bovine kidney (MDBK) cell
monolayers was assessed as previously described (37, 44). The cells were grown
to semiconfluence at 37°C in 5% CO, in 24-well plates (Corning) in Dulbecco’s
minimal essential medium (DMEM) with 10% (vol/vol) heat-inactivated fetal
bovine serum, 2 mM L-glutamine, penicillin (100,000 IU/liter), and streptomycin
(100 mg/liter). Before use, the cells were washed with sterile phosphate-buffered
saline (PBS; pH 7.4) and replenished with DMEM containing 1% p-mannose.
The strains were grown in LB broth overnight at 37°C, and for both qualitative
and quantitative assays, tissue culture cells were incubated with 107 bacteria per
well for 3 or 6 h at 37°C. The monolayers were washed, fixed, and stained with
Giemsa solution for microscopic evaluation. To quantify E. coli Ipf™" [supi]+ and
Ipf mutant adherence, the infected monolayers were washed two times with PBS,
and the adherent bacteria were recovered with 200 wl of 0.1% Triton X-100 in
PBS buffer and plated on Luria agar plates containing the proper antibiotic. Data
are expressed as the percentage of the bacterial inoculum recovered from trip-
licate wells and are the mean of at least two separate experiments. Statistical
difference was expressed as the P value determined by a ¢ test analysis.

Construction of the Ipf-lacZ promoter fusion. An operon fusion with lacZ was
constructed by amplifying the regulatory region of the /pf operon in strain 86-24
by PCR using Pwo polymerase with the primer pairs SRPLPFA (5'-CCGAATT
CGCTATCGGTTCTTATG-3') and 3BPLPFA (5'-GCGGATCCGGCAAAAA
CGACCTTTTTC-3"). The PCR product was digested and cloned into the EcoRI
and BamHI sites of plasmid pRS551, which contains a promoterless lac operon
(34), to create plasmid pPLPFA.

B-Galactosidase assay. The E. coli strains containing the Ipf promoter::lacZ
fusion were grown with shaking at 250 rpm for 18 h at 37°C in LB broth, diluted
1:100 in fresh DMEM or LB broth, and grown at 37°C to early, mid-, and late
exponential phase (ODgyy, = 0.3, 0.6, and 0.9, respectively). The cultures were
diluted 1:10 in Z buffer (Na,HPO, [0.06 M], NaH,PO, [0.04 M], KCI [0.01 M],
MgSO, [0.001 M], and B-mercaptoethanol [0.05 M]) and were assayed for B-ga-
lactosidase activity using o-nitrophenyl-B-p-galactopyranoside as the substrate as
previously described (23).

Preparation of antiserum. Anti-LpfA («a-LpfA) rabbit immune serum was
obtained from Zymed Laboratories, Inc., using purified peptide with the se-
quence TGYGNAQVDFNLSY-COOH, corresponding to the C-terminal region
of LpfA conjugated to the immunogen keyhole limpet hemocyanin. LpfA pep-
tide antiserum was prepared by multiple absorption with nonfimbriated E. coli
strain ORN172 grown at 37°C. LpfA antiserum from S. enterica serovar Typhi-
murium was kindly provided by A. J. Baumler (Texas A&M University).

Cloning the IpfA4 gene in the T7 promoter system. The [pf4 ORF was amplified
by PCR with primer pairs SLPFA (5'-GGGAATTCAGGAGGTTAAATGGA
GTTTTTC-3") and 3LPFA (5'-CGGGATCCGATTACTCGTAAGACAG-3"),
digested and cloned into the EcoRI and BamHI sites of pT7-5, a vector in which
transcription is directed by the T7 RNA polymerase promoter (36). The recom-
binant plasmid pLPFAOQ1 was transformed into E. coli strain BL21(DE3), and the
expression of LpfA was induced with 0.1 M IPTG (isopropyl-B-p-thiogalactopy-
ranoside) as previously described (36).

Preparation of fimbrial crude extracts. In brief, bacteria from 40 MacConkey
or CFA agar plates were harvested and suspended in 100 ml of PBS buffer. The
fimbriae were mechanically shredded by vortexing and harvested by centrifuga-
tion (8,000 X g for 20 min). The supernatant was transferred to a fresh tube, and
the remaining bacteria were separated by centrifugation (12,000 X g for 30 min).
The crude fimbrial extracts were harvested by centrifugation (40,000 X g for 30

min) and resuspended in PBS buffer. For Western blot assays, overnight cultures
grown in DMEM were diluted to an ODgy, of 1.0, and the bacteria were
recovered by centrifugation (8,000 X g for 20 min). The bacterial pellet was
resuspended in distilled water acidified with concentrated HCI to pH 1.8. The
bacterial suspensions were boiled for 5 min, and sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) solubilization buffer was added. The
samples were neutralized with NaOH and then separated in SDS-PAGE gels.

Western blot assay. Crude cell lysates and fimbrial extracts were separated by
SDS-12% PAGE minigels according to the method of Laemmli (19). Proteins
were either stained with Coomassie brilliant blue or transferred to Immobilon-P
(polyvinylidene difluoride) membranes (Millipore) using a Trans-Blot SD trans-
fer cell (Bio-Rad) at 15 V for 22 min. The transfer of proteins was verified by
staining the membrane with Ponceau S. The membrane was blocked with a PBS
(pH 7.4)-0.5% Triton X-100 solution containing 5% nonfat milk. Incubations
with primary (1:10,000) and secondary (1:30,000) antibodies were carried out for
1 h at room temperature. The blot was developed with ECL detection reagents
(Amersham Pharmacia Biotech).

Electron microscopy. Bacteria were grown overnight on MacConkey or CFA
agar plates at 37°C. The bacteria were recovered and allowed to adhere to a
carbon-Formvar coated 300-mesh copper grid (Electron Sciences). The fimbriae
were visualized by negative staining with 0.1% phosphotungstic acid, pH 7.4, and
the grids were analyzed by electron microscopy. For immunogold labeling of LP
fimbriae, bacteria were reacted with a-LpfA antiserum from S. enterica serovar
Typhimurium (1:500 dilution) and gold (12-nm-diameter)-labeled anti-rabbit
immunoglobulin G and negatively stained as before. Specimens were examined
in a Philips CM 120 electron microscope (FEI Co.). The samples were prepared
at the microscopy facility in the Department of Cell Biology at The Johns
Hopkins University.

Computerized sequence analysis. Comparison of different subunit proteins
with their related proteins was performed by the multiple sequence alignment
program Clustal W (40) at the Institute for Chemical Research, Kyoto University
(http://www.clustalw.genome.ad.jp/). A sequence similarity search was per-
formed using the sequence manipulation site of the University of Alberta, Ed-
monton, Canada (http://www.ualberta.ca/~stothard/javascript/ident_sim.html).

RESULTS

Identification of the IpfABCC’' DE operon and homology with
other fimbrial operons. The entire genome of enterohemor-
rhagic E. coli O157:H7 strain EDL933 has been sequenced
(28). Analysis of the strain-specific DNA sequences of EDL933
that correspond to the 76- to 81.5-min region on the E. coli
K-12 chromosome led to the identification of a 6.0-kb DNA
segment whose predicted protein products are similar to sev-
eral fimbria-associated proteins (see below). This DNA seg-
ment was inserted in a region that maps to minute 78 on the E.
coli K-12 chromosome (Fig. 1).

This region contains six ORFs whose predicted protein se-
quences have considerable similarity to those included in the S.
enterica serovar Typhimurium I/pf operon, encoding the LP
fimbriae (2). To retain the same nomenclature, they were des-
ignated IpfABCC'DE. The S. enterica serovar Typhimurium Ipf
operon consists of five ORFs in comparison to the six found in
the EHEC Ipf operon. Outside the Ipf genes, two ORFs found
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% Identity (% similarity) to fimbria-specific proteins®

. Amino Calculated, .
Protein acids mass (kDa) oo, e —— Proposed function
LpfA 179 18.5 73.0 (81.5) to LpfA  32.3(43.8) to FimA  33.7 (45.5) to FimA  Major fimbrial subunit
LpfB 233 255 67.4 (80.3) to LpfB  40.2 (53.7) to FimC  37.8 (55.4) to FimC  Chaperone
LpfC 368 40.2 64.3 (74.2) to LpfC ~ 44.4 (55.1) to FimD  37.2(47.7) to FimD  Outer membrane usher chaperone
LpfC’ 4430 48.3" 66.7 (76.8) to LpfC ~ 37.7 (50.5) to FimD  37.0 (50.7) to FimD  Outer membrane usher protein
LpfD 352 37.2 39.8 (54.6) to LpfD  22.4 (37.0) to FimH  22.3 (35.8) to FimH  Minor fimbrial subunit
LpfE 177 18.4 48 (56.5) to LpfE 28.4 (39.3) to Fiml 28.2 (42) to FimA Fimbrial subunit

“Lpfs,, S. enterica serovar Typhimurium LP fimbriae; Fimg ., E. coli type I fimbriae; Fimg, S. enterica serovar Typhimurium type I fimbriae.
® The calculated size and amino acid sequence of IpfC’ are obtained from the first start codon directly downstream of IpfC. The first start codon with a good

Shine-Dalgarno sequence is further downstream and will produce an LpfC’ protein of 166 amino acids with a calculated mass of 17.8 kDa.

in the S. enterica serovar Typhimurium sequence (orfl and
orf2), with homology to orfl03 and orf102 of E. coli K-12, were
also found flanking IpfABCC'DE in EHEC EDL933. Only
genes with homology to E. coli K-12 genes and no insertion
elements were found on either side of the EHEC Ipf region
(Fig. 1). These data indicate that the Ipf regions in S. enterica
serovar Typhimurium and E. coli O157:H7 are inserted in
similar chromosomal locations and suggest common patterns
of horizontal gene acquisition. The order and orientation of
the ORFs IpfABCC'DE and the masses of the predicted
polypeptides are given in Fig. 1 and Table 2.

Analysis of the gene organization and the deduced amino
acid sequences of all six /pf gene products indicated that
IpfABCC'DE is organized in an operon. To confirm this
prediction, we determined the operon structure of IpfABC-
C'DE by RT-PCR analysis (Fig. 2). Whole-cell RNA was
isolated from EHEC strain EDL933, and cDNA was synthe-

bf A B c

sized as a template. Because the putative operon is at least
5.5 kb in length, PCR was used to amplify shorter amplicons
corresponding to segments within I[pfABCC'DE. As ex-
pected from the predicted operon structure, RT-PCR anal-
ysis demonstrated that Ipf4 and IpfE were transcriptionally
coupled (primers A and B) (Fig. 2). Similarly, [pf4 was
found to be transcriptionally linked to IpfC’ by using primers
C and D. Because IpfA4 lies 5’ to IpfB and IpfE is 3’ from IpfD,
we concluded that IpfABCC'DE is transcribed as a single
polycistronic message.

In addition to the similarity of the predicted Lpf protein
products to proteins encoded by the /pf operon in S. enterica
serovar Typhimurium ([pfABCD. ), these proteins were also
similar to the products of the fim operons in E. coli (fimAIC-
DFGH ) and S. enterica serovar Typhimurium (fimAIC-
DHF,) (Table 2 and Fig. 3). LpfAg e, the putative major
fimbrial subunit, is the first gene product in the operon, which
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FIG. 2. RT-PCR analysis. RNA was extracted from EHEC EDL933 and subjected to RT-PCR amplification. The locations of the primer pairs (A+B
and C+D) used in the RT-PCR analysis are indicated in the schematic Jpf operon. The presence (+) or absence (—) of RT in the reaction is indicated.
PCR products were not visualized in the control lanes (—). The sizes (in kilobases) and positions of DNA markers are indicated on the left.
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FIG. 3. Comparison of the deduced amino acid sequences and the gene order of related fimbrial operons. The EHEC O157:H7 Ipf operon (top)
is compared with (from top down) the S. enterica serovar Typhimurium /pf operon and the fim operons in E. coli and S. enterica serovar
Typhimurium. The position and length of each gene is indicated by bars. Homologous genes are shown with identical patterns, and genes with no

homology are shown as open bars.

shows homology to LpfAg, and FimAg ., The second de-
duced protein product, LpfBggc, shows substantial identity
to LpfBg, and FimCg ., These proteins are proposed to
function as chaperones in the other fimbrial systems. LpfCg-
HEC and LpfC' gy are homologous to the outer membrane
usher proteins LpfCg, and FimDyg . All the genes in the
operon are intact compared with genes in other fimbrial oper-
ons, with the exception of IpfC, which is disrupted in EHEC
(Fig. 3). Two EHEC ORFs showed significant homology with
the S. enterica serovar Typhimurium /pfC, with one ORF show-
ing homology with the 5’ region of S. enterica serovar Typhi-
murium /pfC and the other with the 3’ region. In order to
confirm that the disrupted ORFs, which we will refer to as IpfC
and IpfC’, were not sequencing artifacts, primers flanking the
disrupting region were used to amplify a segment from the 3’
end of IpfC to the putative 5" end of IpfC’ in EHEC O157:H7
strains EDL933 and 86-24. Sequence analysis of the amplified
fragments from both strains confirmed that EHEC IpfC is
truncated and a new putative start codon for [pfC’ is located
144 nucleotides downstream of IpfC, but this start site lacks a
good Shine-Dalgarno sequence (data not shown). The next
possible start codon for IpfC’ with a good ribosome-binding
site is located 972 nucleotides downstream of IpfC. The last two
proteins encoded by the operon, LpfDgype and LpfEgygc,
show lower identity to other fimbrial proteins. LpfDgypc
shows homology to LpfDg, and FimHg. . ., which are pro-
posed to function as minor fimbrial subunits. Finally, LpfE-
HEC is another putative fimbrial subunit with homology to
LpfEg,, Fimlg ., and FimAg, .

Transcription of the Ipf operon is stimulated during expo-
nential growth. The visualization and purification of fimbriae
from EHEC strains was very difficult because of inconsistent
expression of the fimbriae, perhaps due to unknown stringent
regulatory mechanisms. To approach this problem, we gener-
ated an operon fusion of the pf4 promoter (the first gene in
the operon) with a reporter lacZ gene (plasmid pPLPFA) and

examined the expression of this fusion under different medium
and growth conditions. Initially, pPLPFA and its parent plas-
mid containing the promoterless lacZ gene, pRS551, were
transformed into E. coli strain ORN172. We studied the tran-
scription of the Ipf operon in this strain because it was used in
subsequent experiments with the LP fimbriae. ORN172 is an
E. coli Afim strain shown by electron microscopy not to express
fimbriae and commonly used to study fimbrial expression (46).
The expression of B-galactosidase was increased 9.5-fold in LB
broth and 10.1-fold in DMEM in strain ORN172(pPLPFA)
compared to that in ORN172(pRS551) during the mid-expo-
nential growth phase (Fig. 4A). To determine the effect of the
growth phase on IpfAp::lacZ expression, cultures of ORN172
strains containing pRS551 or pPLPFA were tested at early,
mid-, and late exponential phase in DMEM. Maximal expres-
sion of B-galactosidase was observed during mid-exponential
phase in strain ORN172 (Fig. 4B).

In order to determine the expression of the Ipfp::lacZ gene
fusion in the wild-type strain, pPLPFA and its parent plasmid
were transformed into EHEC strain 86-24 (Fig. 4C and D). At
mid-exponential phase, B-galactosidase expression was in-
duced 2.8-fold in LB broth and 2.5-fold in DMEM in strain
86-24(pPLPFA) compared with that in 86-24(pRS551) (Fig.
4C). This induction was similar to that observed in strain
ORN172, although the induction was more moderate. In con-
trast, EHEC 86-24 showed a different pattern of -galactosi-
dase expression throughout the exponential phase (Fig. 4D).
Strain 86-24(pPLPFA) went from a 1.8-fold induction in early
exponential phase to a 4.8-fold induction in late exponential
phase compared with 86-24(pRS551) (Fig. 4D).

These data indicate that transcription of the Ipf operon is
induced under in vitro culture conditions throughout the ex-
ponential growth phase.

Cloning and expression of the IpfABCC'DE operon in E. coli
and identification of fimbriae. The /pf gene cluster of EHEC
strain EDL933 was amplified by PCR using specific primers
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FIG. 4. B-Galactosidase assays of plasmid pRS551 (vector control) and pPLPFA (IpfAp::lacZ) in E. coli strains ORN172 and 86-24 in LB broth
and DMEM at different times point during the exponential growth phase. Strain ORN172(pPLPFA) was compared with its parent strain in LB
broth and DMEM at an ODy, of 0.6 (A) or in DMEM at early (EP), mid- (MP), and late (LP) exponential phases (ODg, 0.3, 0.6, and 0.9,
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indicate standard deviations.

(see Materials and Methods) The 5,929-bp amplicon was
cloned into pACYC184 to yield pJORS, which was trans-
formed into E. coli strain ORN172 (Table 1).

To determine whether pJORS encodes fimbrial structures,
the strains ORN172 and ORN172(pJORS) were analyzed by
electron microscopy (Fig. 5). Fimbriae exhibiting a long rod-
like appearance were detected in strain ORN172(pJORS) (Fig.
5B) but not in strain ORN172 (Fig. 5A). The morphology of
the recombinant EHEC fimbriae was structurally similar to
that of the E. coli type I fimbriae and exhibited the approxi-
mate length observed when the S. enterica serovar Typhi-
murium LP fimbriae are expressed in a nonfimbriated E. coli
strain (2). In the recombinant Salmonella LP fimbriae, the 2- to
10-pm-long fimbriae showed a polar distribution. However,
unlike the Salmonella LP fimbriae, the fimbriae detected on
strain ORN172(pJORS) did not show the polar pattern previ-
ously reported. Instead, the recombinant EHEC fimbriae ap-
pear to be peritrichously distributed.

We then verified whether pJORS encodes EHEC LP fim-
briae. Culture supernatants of strains ORN172 and ORN172
(pJORS) were recovered after centrifugation and analyzed by
electron microscopy (see Materials and Methods). The crude
fimbrial preparation of strain ORN172(pJORY) contained rod-
like structures that were not visualized in the preparation of
strain ORN172 (Fig. 5C and data not shown).

Adhesion to tissue culture cells and construction of an
EHEC IpfA mutant. To determine the role of the /pf operon in
adhesion, we selected two tissue culture cell lines that had been
previously used to test adhesion factors in EHEC (5, 37). HeLa
and MDBK cells were incubated with ORN172(pBR322) (Fig.
6A) or ORN172(pLPF100) expressing LP fimbriae (Fig. 6B and
data not shown). After 3 h of infection, the cells were fixed,
stained with Giemsa solution, and visualized by phase-contrast
microscopy. E. coli ORN172 containing pLPF100 was able to
adhere to both cell lines in a clustered pattern compared with the
poorly adherent ORN172(pBR322). The percentage of bacteria
recovered from infected cultured cells increased 60.3% in HeLa
cells (P = 0.044) [from 3.0 X 107 CFU in ORN172(pBR322) to
4.9 x 107 CFU in ORN172(pLPF100)] and 62.6% in MDBK
cells (P = 0.031) (from 1.6 X 107 to 2.5 X 10’ CFU) when
ORN172 carried the Ipf operon (Fig. 6C and data not shown).

To further characterize the role of the Ipf operon in EHEC
adherence, an isogenic mutation was created in the proposed
major fimbrial subunit. The Jpf4 gene, disrupted with a chloram-
phenicol resistance cassette, was introduced by allelic exchange
into EHEC strain 86-24 (38) to create strain CVD468 (see Ma-
terials and Methods). Wild-type 86-24, CVD468 (an 86-24 IpfA
mutant strain), and CVD468(pLPF100) were assayed for the abil-
ity to adhere to tissue culture cells (Fig. 7A), and the percentages
of bacteria recovered after 6 h of incubation were calculated (Fig.
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7B) (see Materials and Methods). We observed only a modest
reduction in the adherence of strain CVD468 compared with that
of EHEC strain 86-24. CVD468 showed a 23.4% reduction in the
number of bacteria recovered. The adherence was restored to
levels similar to that of the wild-type strain when the Jpf4 mutant
was complemented with pLPF100 (90.4% recovery compared
with the wild type) (Fig. 7B). Strain 86-24 showed typical localized
adherence clusters on HeLa cells 6 h after incubation (Fig. 7A).
Although CVD468 did not show a significant reduction in adher-
ence relative to 86-24, the bacteria adhered to the tissue culture

INFECT. IMMUN.

FIG. 5. Expression of fimbriae in an Lpf™ E. coli strain as visualized
in transmission electron micrographs. (A) ORNI172 (E. coli Afim
strain); (B) ORN172(pJORS) (IpfABCC'DE); (C) crude preparation
of LP fimbriae. Bars, 0.35 pm.

cells in a diffuse rather than a localized adherence pattern and the
presence of microcolonies was rarely observed. The formation of
stable microcolonies was restored when pLPF100 was introduced
into CVD468. A similar phenotype was observed when EHEC
strain 86-24 and its isogenic mutant were used to infect monolay-
ers of MDBK cells (data not shown).

We have observed that the cytotoxin (Stx) produced by EHEC
strain 86-24 hinders the study of the adherence phenotype, since
it is difficult to determine adherence in a situation in which the
tissue culture cells may be sustaining a lethal toxic injury. To
address this problem, we tested a set of isogenic strains derived
from EHEC O157:H7 strain 87-23 (Table 1) for their adherence
phenotypes. 87-23 was selected because it is an s&x mutant EHEC
strain isolated from the same outbreak in Washington state as
strain 86-24 (13). HeLa cells were incubated with strains AGT300
(a streptomycin-resistant derivative of strain 87-23), AGT301
(IpfA::cat in AGT300), and AGT301(pLPF100) for 6 h, and the
percentages of adherent bacteria were quantified as described
above. AGT301 was observed to adhere less to HeLa cells (19.4%
reduction) than did AGT300, but the difference was not signifi-
cant (P = 0.468) (Fig. 7C). Complementation of AGT301 with
pLPF100 restored adherence to wild-type levels (102.6% of bac-
teria recovered). Microscopic analysis of the Giemsa-stained in-
fected cells indicated that microcolony formation was rarely ob-
served on cells infected with strain AGT301. Like CVD468, strain
AGT?301 exhibited a diffuse pattern of adherence to HeLa cells
compared with those of AGT300 and AGT301(pLPF100), where
the formation of microcolonies was more often observed (data
not shown). Taken together, these results suggest that LP fim-
briae are expressed during in vitro infection and participate in the
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adherence phenotype in particular during the formation of mi-
crocolonies.

Detection of LpfA expression by Western blotting. To pro-
vide evidence for the expression of the EHEC Ipf operon in
vitro, rabbit polyclonal antiserum was raised against a peptide
that was designed from a region of the EHEC major fimbrial
subunit, LpfA. We first tested the specificity of the LpfA pep-
tide antiserum by Western blotting using an E. coli strain
hyperexpressing the LpfA subunit. Crude cell lysates of E. coli
strain BL21(DE3) containing either plasmid pT7-5 or
pLPFAOQ1 were prepared after overnight induction with IPTG
and then separated by SDS-PAGE gels (Fig. 8). Coomassie
blue staining revealed a strong band of ca. 16.0 kDa present in
the IPTG-induced crude extract of strain BL21(pLPFAO01)
compared with BL21(pT7-5) (Fig. 8A). Western blot analysis
showed that the LpfA peptide antiserum reacted with the 16-
kDa protein band of strain BL21(pLPFAO1) (Fig. 8B). [The
antiserum also reacted with an unidentified ca. 26-kDa protein

"; : - o l”‘i‘

ORN172 (pLPF100)
(IpfABCC’DE)

FIG. 6. (A and B) Adhesion assays in HeLa cells showing adher-
ence patterns of E. coli strains ORN172(pBR322) (A) and ORN172
(pLPF100) (B) after 3 h of incubation and staining with Giemsa solu-
tion. (C) E. coli strains ORN172(pBR322) and ORN172(pLPF100)
recovered after 3 h of incubation on cultured HeLa cells (P = 0.044).
The solid oval on the y axis indicates the initial inoculum.

in strain BL21(pT7-5) lacking the Ipf genes.] To confirm that
the 16-kDa band corresponds to the EHEC LpfA protein,
rabbit polyclonal antiserum raised against the S. enterica sero-
var Typhimurium LpfA protein was used in Western blots. The
16.0-kDa protein expressed in strain BL21(pLPFAO1) cross-
reacted with the Salmonella LpfA antiserum, indicating that
this band corresponded to the EHEC LpfA protein and sug-
gesting common epitopes in the two proteins (Fig. 8C).
Detection of LP fimbriae in EHEC and ORN172 strains. We
then attempted to visualize the LP fimbriae by electron mi-
croscopy using immunogold and negative-staining techniques.
As previously indicated, EHEC strains such as 86-24 express
several fimbria-like structures in their surfaces. We were un-
able to identify fimbriae on the surface of the wild-type strain
that was specifically labeled with gold particles (data not
shown). Therefore, we tried to detect the LP fimbriae in the
recombinant ORN172 strains. Bacterial fimbriation was highly
dependent on culture conditions. Thus, after growth at 37°C on
MacConkey agar, the LP fimbriae were visualized (Fig. 5B),
while no fimbriae were seen with bacteria grown on CFA or LB
agar at 37 or 30°C. When grown at 37°C, ORN172(pJORS)
and ORN172(pLPF100) produce LP fimbriae (Fig. 9). Immu-
nogold-labeling electron microscopy of these ORN172 recom-
binant strains grown at 37°C on MacConkey agar showed that
a-Salmonella LpfA antiserum bound to the fimbrial structures
(Fig. 9A to C). Attempts were made to detect the LP fimbriae
on the surface of EHEC strain 86-24 by a similar approach, but
we were unable to specifically gold label a fimbrial structure
with the a-LpfA antiserum (data not shown). Therefore, we
tested crude fimbrial extracts for the presence of the LP fim-
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FIG. 7. (A) Adherence patterns of EHEC O157:H7 strains 86-24 and AGT300 and their corresponding Ipf4 isogenic mutants (CVD468 and
AGT301, respectively) to cultured HeLa cells after 6 h of incubation and staining with Giemsa solution. (B and C) Percentages of EHEC O157:H7
strains 86-24 (B) and AGT300 (C) and their corresponding isogenic /pf4 mutants adherent to cultured HeLa cells after 6 h of incubation. The error

bars indicate standard deviations.

briae by Western blotting. As shown in Fig. 9D, we detected a
protein band of ca. 18-kDa mass that cross-reacted with the
a-Salmonella LpfA antiserum in the crude fimbrial extracts of
strain ORN172(pJORS) (Fig. 9D, lane 1). In a similar way,
crude fimbrial extracts were prepared from EHEC strains
86-24 and CVD468 and tested by Western blotting. A protein
band was detected in the crude extract of strain 86-24 with an
electrophoretic mobility similar to that of the protein band
identified in strain ORN172(pJORS). A similar protein band
was absent in the crude extract of strain CVD468. These data
indicate that the protein band corresponded to the major fim-
brial subunit, LpfA. Attempts to determine the N-terminal
sequence of the LpfA protein in these extracts were unsuccess-
ful due to the low levels of protein.

DISCUSSION

The mechanism of infection of EHEC O157:H7, like those
of other pathogens, is known to depend on a variety of bacte-
rial properties that enable organisms to cause disease. During
infection, EHEC must encounter and attach to one or more

cell types found in the intestinal mucosa, evade host defenses,
and compete with other bacterial species for nutrients. The
intestinal tropism may involve several types of adherence fac-
tors, in addition to intimin, to assist in colonization of the
gastrointestinal tract. In spite of the efforts of several research-
ers to demonstrate the production of adherence fimbriae in
EHEC, the results have been inconsistent. We, as well as other
groups, have observed fimbrial structures on the surface of E.
coli O157:H7 (references 1, 32, and 45 and data not shown)
and have been investigating the nature of these structures. In
this study, we have characterized a chromosomal fimbrial
operon in EHEC O157:H7 strain EDL933 that shows homol-
ogy to the LP fimbria operon of S. enterica serovar Typhi-
murium and to other well-characterized fimbrial operons. The
Ipf operon in S. enterica serovar Typhimurium was initially
identified as a locus not present in related members of the
family Enterobacteriaceae (2). We found that this operon is
indeed present in EHEC O157:H7 and O55:H7 but not in
other EHEC strains tested (data not shown). The Ipf operon in
EHEC O157:H7 mapped at the same chromosomal location as
the Ipf operon in S. enterica serovar Typhimurium (78 min).



VoL. 70, 2002

LP FIMBRIAE IN E. COLI O157:H7 5425

C

49 - .
38_
28 —

AR

17 -

14 - -

y -
- -
R tiaasad | Ra———

-« -

ﬂ - “’

FIG. 8. SDS-PAGE analysis of crude cell lysates from E. coli strains BL21(pT7-5) (lanes 1) and BL21(pLPFAO1) (lanes 2) after overnight in-
cubation with 0.1 M IPTG. The corresponding lysates were separated and either stained with Coomassie brilliant blue (A) or transferred to poly-
vinylidene difluoride membranes for Western blotting with LpfA peptide antiserum (B) or S. enterica serovar Typhimurium LpfA antiserum (C).
The molecular mass markers (in kilodaltons) are indicated on the left, and the 16-kDa EHEC LpfA protein in each gel is identified with an arrow.

Both loci are flanked by sequences homologous to those in E.
coli K-12, supporting the idea that the Ipf loci have been ac-
quired by horizontal transfer during the evolution of S. enterica
serovar Typhimurium and E. coli O157:H7.

Although EHEC LP fimbriae in E. coli strain ORN172 carrying
the cloned Ipf operon were visualized by electron microscopy, the
polar distribution previously observed with the S. enterica serovar
Typhimurium LP fimbriae was not observed (2). Instead, the
EHEC LP fimbriae, which resemble the E. coli type 1 fimbriae,
appear to be distributed peritrichously on the bacteria. Our re-
sults suggest that the LP fimbriae were synthesized by the /pf
operon and that increased adherence to tissue culture cells occurs
upon introduction of the /pf operon. We cannot absolutely rule
out the possibility that a cryptic fimbrial operon in E. coli is
induced upon introduction of the /pf operon and could explain the
increase in the adherence pattern, but such a possibility is un-
likely, since these fimbriae reacted with antisera prepared against
a synthetic peptide derived from the predicted [pfA4 gene product.
lacZ fusion analysis with the /pf promoter region indicates that
this operon is transcribed in strain ORN172, supporting the idea
that expression of LP fimbriae is responsible for the increased
adherence to tissue culture cells, and we have shown that the
ORN172 strain carrying the [pf operon expresses the LP fimbriae
in its surface. The slight, albeit not statistically significant, reduc-
tion in the adherence to tissue culture cells observed with the
EHEC IpfA mutants (CVD468 and AGT301) further suggests the
role of these fimbriae in adherence. The possibility also exists that
LP fimbriae facilitate adherence to epithelial cells in other bio-
logical niches not tested here, such as the gastrointestinal tracts of
animals. Indeed, we found that E. coli strain ORN172 expressing
LP fimbriae had the ability to adhere to cultured bovine kidney
cells, namely, MDBK cells. We were also able to detect the LpfA
protein by Western blotting under in vitro culture conditions,
suggesting that the fimbriae are composed of this protein.

Another unusual characteristic of the Ipf operon is the pres-

ence of two ORFs (IpfC and IpfC’) that are predicted to encode
putative outer membrane components of the fimbriae. DNA
sequence comparison with other related fimbrial outer mem-
brane proteins indicated that [pfC is disrupted in EHEC O157:
H7. In S. enterica serovar Typhimurium, there is one [pfC gene
that encodes a protein of 94.4 kDa, whereas the EHEC Ipf
operon contains /pfC and IpfC’, which code for predicted pro-
teins of 40.2 and 17.8 kDa, respectively. However, we have not
yet directly demonstrated the production of these proteins, and
we cannot rule out an unusual translation mechanism that
could produce a single larger protein from the IpfC and IpfC’
OREFs. It is also possible that the assembly of LP fimbriae
utilizes a native outer membrane component synthesized else-
where in the E. coli chromosome.

S. enterica serovar Typhimurium LP fimbriae have been
shown to mediate adhesion to murine Peyer’s patch cells of the
small intestine (3), and it has recently been proposed that
phase variation of the major fimbrial subunit gene ([pfA) is a
mechanism to evade cross-immunity between Salmonella sero-
types (3, 26). In the case of E. coli O157:H7, it is believed that
the site of colonization is the human large-bowel mucosa (24).
Association of EHEC to human tissue in vivo in an attaching
and effacing pattern had not been previously demonstrated,
but recently Phillips et al., using in vitro organ cultures of
human intestine, showed that EHEC O157:H7 adhered to
human intestinal mucosa in this characteristic pattern (29).
Furthermore, the attaching and effacing lesion formation was
found to be restricted to follicle-associated epithelium of the
Peyer’s patches. Together with the tropism of Salmonella LP
fimbriae for murine Peyer’s patches, these data suggest that
EHEC LP fimbriae might be an important surface-exposed
factor that promotes binding to this specific intestinal location.

The data presented in this paper contribute to a better
understanding of the pathogenesis of EHEC and add one more
element to the existing model of EHEC intestinal colonization.
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FIG. 9. Electron micrographs showing strains ORN172(pJORS5) (A and B) and ORN172(pLPF100) (C) labeled with immunogold conjugated
to S. enterica serovar Typhimurium LpfA antiserum. Bars, 0.2 um. (D) Western blot analysis of fimbrial crude lysates from E. coli strains
ORN172(pJORS) (lane 1), 86-24 (lane 2), and CVD468 (lane 3) reacted with S. enterica serovar Typhimurium LpfA antiserum. LpfA is identified
with an arrow, and the molecular mass markers (in kilodaltons) are indicated on the right.

The model is based on the attaching and effacing intestinal
histopathology shown in vitro and in humans by EPEC and in
vitro and in animal models by EHEC. This phenotype is char-
acterized by intimate adherence of the bacteria, effacement of
intestinal epithelial cell microvilli, and marked changes in the
host cell cytoskeleton (17). The adhesin intimin is important in
the final stage of adherence, but other factors that mediate
initial adherence in EHEC strains are not known. Our in vitro
results suggest that LP fimbriae might participate during ad-
herence at some stage of the process. While the bacteria are
intimately attached to eukaryotic cells, the expression of LP
fimbriae seems to favor the formation of microcolonies, but it
is not known if the expression of fimbriae participates in bac-
teria-to-bacteria interactions or if their presence enhances ad-
herence to tissue epithelial cells.

The potential function of LP fimbriae in EHEC adherence
resembles the one recently described for BFP in EPEC strains,
where the pilus is proposed to alter its structure associated

with bacterial adherence, aggregation, and dispersal of micro-
colonies (18). This raises the possibility that LP fimbriaec me-
diate the preferential binding of EHEC O157:H7 to epithelial
cells and help to regulate the transition between initial binding
and formation of a more complex tridimensional bacterial clus-
ter structure.

The diversity and partial redundancy of these fimbrial and
nonfimbrial adherence factors, coupled with the small but re-
producible effect seen for the LP fimbriae, illustrate the need to
characterize adherence as a complex trait and point to ample
opportunities for subtle phenotypic variation in adherence pro-
files in addition to gross differences in colonization strategies.
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